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ABSTRACT

Antitumor immunity is mediated by Th1 CD4" and CD8" T lymphocytes, which induce tumor-specific
cytolysis, whereas Th17 CD4* T cells have been described to promote tumor growth. Here, we explored
the influence of IL-17 on the ability of therapeutic vaccines to induce the rejection of tumors in mice
using several adjuvants known to elicit either Th1 or Th17-type immunity. Immunization of mice with
Th1-adjuvanted vaccine induced high levels of IFN-y-producing T cells, whereas injection with Th17-
promoting adjuvants triggered the stimulation of both IL-17 and IFN-y-producing T cells. However,
despite their capacity to induce strong Th1 responses, these Th17-promoting adjuvants failed to induce
the eradication of tumors. In addition, the systemic administration of IL-17A strongly decreases the
therapeutic effect of Th1-adjuvanted vaccines in two different tumor models. This suppressive effect
correlated with the capacity of systemically delivered IL-17A to inhibit the induction of CD8" T-cell
responses. The suppressive effect of IL-17A on the induction of CD8" T-cell responses was abolished in
mice depleted of neutrophils, clearly demonstrating the role played by these cells in the inhibitory effect
of IL-17A in the induction of antitumor responses. These results demonstrate that even though strong
Th1-type responses favor tumor control, the simultaneous activation of Th17 cells may redirect or curtail
tumor-specific immunity through a mechanism involving neutrophils. This study establishes that IL-17
plays a detrimental role in the development of an effective antitumor T cell response and thus could
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strongly affect the efficiency of immunotherapy through the inhibition of CTL responses.

Introduction

The correlation found for many human tumors between the
infiltration of CD8" T cells and the prolonged survival of
patients' has led to the development of therapeutic cancer
vaccines based on the induction of effective antitumor CD8"
T-cell responses. In addition, several studies have established
that patients with high expression of the Thl cluster in color-
ectal cancer show prolonged disease-free survival, in contrast
to the poor diagnosis of patients with high expression of the
Th17 cluster.”> A higher proportion of intratumoral IL-17-
producing cells also correlates with poor survival in hepato-
cellular carcinoma patients.’

Th17 CD4" T cells produce IL-17A, IL-17F, IL-21, and IL-
22 and contribute to host defenses against certain infections,
particularly in mucosal tissues.* They also participate in the
pathogenesis of various allergic, autoimmune, and inflamma-
tory diseases and play a role in transplantation.”® IL-17 is
a central player in immunity and is produced by several cell
types other than Th17 cells, such as y§ T and natural killer
cells, as well as by innate lymphoid cells 3 (ILC3).”

Many studies have demonstrated that IL-17 can promote
tumor growth via its effects on vascular endothelium and
increased neovascularization. Indeed, the transfection of IL-17

into human tumor cell lines increases their growth in nude and
SCID mice®’ by promoting angiogenesis and tumor resistance
to antiangiogenic therapy.'® IL-17 was shown to induce tumor
development through the increased expression of Stat3 and
infiltration of myeloid cells into the tumor in an experimental
model of carcinogen-induced skin cancer."' In accordance with
these findings, blockade of IL-17A at the tumor site using an
adenovirus vector expressing siRNA against the mouse IL-17A
gene suppressed tumor growth and induced the activation of
cytotoxic T-cell responses.'” Similar results were obtained in
IL-17RA deficient mice in which increased infiltration of the
tumor by CD8" T cells was also shown."?

However, other studies have shown that Th17 cells can
confer protective antitumor immunity."* Indeed, in contrast
to the results obtained in immunodeficient mice, the growth
of IL-17-producing tumors was significantly inhibited in
immunocompetent mice relative to that of mock-transfected
tumors."”™'” In addition, tumor growth and lung metastasis
were enhanced in IL-17 deficient mice, suggesting that endo-
genous IL-17 plays a protective role in tumor immunity.'®"?
The adoptive transfer of tumor-specific Th17 cells promoted
the activation of cytotoxic T cells against the tumor'® and
induced the eradication of large established melanomas.*
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Opverall, these data provide supportive evidence that IL-17
may play a dual role in human tumor immunity and that the
activation of tumor-specific Th17 cells could promote the
therapeutic efficacy of cancer vaccines.

Here, we explored the influence of IL-17 on the ability of
therapeutic vaccines to induce the rejection of tumors in mice
using several adjuvants known to elicit either Th1 or Th17-type
immunity. Immunization of mice with ovalbumin (OVA) and
CpG formulated in DOTAP, a TLRY agonist and a Thl-
promoting adjuvant, induced high levels of IFN-y-producing
T cells, whereas injection of OVA with Th17-promoting adju-
vants, such as the p-1,3-glucan curdlan from the cell wall of
fungi,” the cationic polysaccharide chitosan,** or the mycobacter-
ial cell-wall component trehalose-6, 6'-dimycolate (TDM),* trig-
gered the stimulation of both IL-17 and IFN-y-producing T cells.
However, despite their capacity to induce strong Thl responses,
these Th17-promoting adjuvants failed to induce the eradication
of OVA-expressing tumors. In addition, we demonstrate that
systemic administration of recombinant IL-17A strongly decreases
the therapeutic effect of CpG-adjuvanted vaccines in two different
tumor models. This suppressive effect correlated with the capacity
of systemically delivered IL-17A to inhibit the induction of anti-
gen-specific CD8" T-cell responses by the therapeutic vaccines.
The suppressive effect of IL-17A on the induction of CD8" T-cell
responses was abolished in mice depleted of neutrophils, clearly
demonstrating the role played by these cells in the inhibitory effect
of IL-17A in the induction of antitumor responses.

These results demonstrate that even though strong Thl-
type responses favor tumor control, the simultaneous activa-
tion of Th1l7 cells may redirect or curtail tumor-specific
immunity through a mechanism involving neutrophils. This
study establishes that IL-17 plays a detrimental role in the
development of an effective antitumor T cell response and
thus could strongly affect the efficiency of immunotherapy
through the inhibition of CTL responses.

Materials and methods
Mice

Six to eight-week-old, female, pathogen-free C57BL/6] mice
were purchased from Charles River Laboratories. IL-17RA
deficient mice®* and Rag’~ OT-I T-cell receptor transgenic
mice, specific for the KP-restricted OVA,sy 564 (SIINFEKL)
epitope, and IFNAR- and IFNy- deficient mice were provided
by the animal facilities of the Pasteur Institute. All mouse
strains used in this study were on a C57BL/6] background.
Studies involving mice were validated by CETEA ethics com-
mittee number 0068 (Institut Pasteur, Paris, France) and the
French Ministry of Research (MESR 00672.02).

Reagents

The DMT adjuvant contained dimethyl dioctadecyl ammonium
bromide (DDA) (250 pg/mouse), monophosphoryl lipid A (MPL)
(25 pg/mouse), and trehalose dicorynomycolate (TDM) (25 g/
mouse) (Sigma-Aldrich Chimie). Curdlan (Dectin-1 agonist) was
purchased from Wako (Osaka, Japan) and 2 mg/mouse was used.
Chitosan was obtained from Novamatrix (Sandvika, Norway) and

1 mg/mouse was used. Detoxified CyaA of Bordetella pertussis,
carrying a truncated form of the E7 protein from HPV-16 (CyaA-
E7), was prepared as previously described® CpG-B 1826
(5-TTCCATGACGTTCCTGACGTT-3) was synthesized by
Sigma and 30 pg mixed with 60 pg N-[1-(2,3-dioleoyloxyl)propyl]-
NNNtrimethylammoniummethyl sulfate (DOTAP, Roche) in
100 pL PBS (Gibco, ThermoFisher) was used per mouse.

Tumor experiments

TC-1 tumor cells*® expressing the HPV-16 E6 and E7 proteins
were obtained from the American Type Culture Collection (LGC
Promochem) and grown in complete medium consisting of RPMI
1640 supplemented with GlutaMAX (Gibco, ThermoFisher), 10%
FCS (Gibco, ThermoFisher), antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin; Gibco, ThermoFisher), and 2 x 107> M
2-mercaptoethanol (Gibco, ThermoFisher), 0.4 mg/mL geneticin
G418 (Gibco, ThermoFisher), and 0.2 mg/mL hygromycin
B (Roche). B16-OVA tumor cells were kindly provided by
L. Rosthein and L. Sigal (University of Massachusetts,
Worcester, MA) and cultured in complete medium supplemented
with 2 mg/mL geneticin G418 (Gibco, ThermoFisher) and 60 mg/
mL hygromycin B (Roche).

B16-OVA and TC-1 cells were injected s.c. (2.5.10° and 5.10°
cells, respectively) into C57BL/6 mice or IFN-y-, IFNAR-, or IL-
17RA- deficient mice. For B16-OV A experiments, mice received
PBS or adjuvant alone or 100 ug OVA alone or with DMT, CpG-
B and DOTAP, or curdlan. For TC-1 experiments, mice were
immunized iv. with CyaA-E7 (50 pg/mouse) together with
CpG-B and DOTAP (30 pg and 60 pg/mouse, respectively). In
some experiments, mice also received i.p. injections of 1 or 3 pg
murine IL-17A protein (R&D systems; Bio-Techne). Following
tumor inoculation, tumor growth was assessed every two to
three days by measuring the size of the tumor with a digital
caliper. Tumor size is presented as the average of two perpendi-
cular diameters (millimeters). Mice were sacrificed when the
tumor diameter reached 20 mm.

Cell isolation

Spleens were harvested, treated for 20 min with 400 U/mL
collagenase type IV and 50 pg/mL DNase I (Boehringer
Mannheim), and mechanically disrupted and filtered to obtain
single-cell suspensions. The tumors were harvested, incubated
for 45 min with 400 U/mL collagenase D and 50 pg/mL DNase I,
and dissociated using the gentleMACS dissociator (Miltenyi
Biotec, Paris, France, program mimpTumor-01-01). The disso-
ciated tumors were then filtered to obtain single-cell suspensions
and resuspended in PBS supplemented with 1% FCS.

Analysis of CTL responses by in vivo killing, ELISPOT
assays, and SIINFEKL Dextramers

C57BL/6 ] mice were i.p. injected with PBS or 1 or 3 pg IL-17A
in 200 pL PBS daily from day -1 to day 7. On day 0, they
received s.c. injections of 30 ug CpG-B, 60 pg DOTAP and
100 pg OVA protein at the base of the tail. On day 7, spleno-
cytes from naive C57BL/6] mice were loaded with 1 ng/mL
SIINFEKL OVA peptide or left unloaded for 30 min at 37°C.



Then, OVA peptide-loaded splenocytes were labeled for 15 min
in the dark at room temperature with 2.5 uM CFSE and
unloaded splenocytes with 0.25 uM CFSE. Cells were then
mixed in a 1:1 ratio before iv. injection (10 total cells in
200 pL PBS per mouse). On day 8, mice were euthanized, the
cells collected for image acquisition, and the CFSE™ and CFSE™
populations analyzed. The percentage of cytotoxicity was cal-
culated as (1-percentage of CFSE"/percentage of CESE') nor-
malized to the ratio in control mice. The percentage of
SIINFEKL/H-2K" dextramer® CD8" T cells was also assessed
by FACS, whereas OVA-specific IFNy-producing splenocytes
were detected by ELISPOT.

Adoptive transfer of CD8" T cells

Splenic OT-I CD8" T cells were purified by magnetic negative
selection using the CD8" T-cell isolation kit from Miltenyi
Biotec following the manufacturer’s procedure. Then, the cells
were labeled with 10 uM CFSE (Molecular Probes) for 15 min
at room temperature and 5.10° cells injected into mice by the
i.v. route. Mice were immunized i.v. one day later with OVA
and CpG-B and DOTAP and also received daily i.p. injections
of PBS or IL-17A for four days. The CD8" T-cell response was
analyzed five days after immunization.

Depletion of neutrophils

IL-17A-treated or untreated C57BL/6] mice were i.v. injected
one day before immunization and 1, 3, and 5 days after
immunization with 200 pg anti-Ly6G (BioXcell; clone 1A8)
or the control isotype (Rat IgG2a, k, anti-trinitrophenol Ab,
clone 2A3).

Flow cytometry analysis

Cell suspensions were incubated with rat anti-CD16/32 mAb
(clone 2.4G2) to block binding to Fc receptors before staining
with diverse fluorescent dye-conjugated mAbs. The monoclonal
antibodies (mAbs) used for staining were the following: APC-
conjugated anti-CD3 (clone 17A2), anti-CD11c (clone HL3), anti-
CD25 (clone 7D4), anti-CD40L (clone MR1), and anti-Ki67 (clone
SolA15); APC-eF780-conjugated anti-CD45 (clone 104); PB con-
jugated anti-CD3 (clone 17A2), anti-CD4 (clone RM4-5), anti-
CD11b (clone M1/70), anti-CD44 (clone IM7), anti-CD73 (clone
eBioTY/11.8), and anti-Ly6C (clone HK1.4); PerCP- and PerCP-
Cy5.5-conjugated 7AAD, anti-B220 (clone RA3-6B2), anti-CD4
(clone RM4-5), and anti-CD49b (clone DX5); PE-Cy7-conjugated
anti-CD11b (clone M1/70), anti-CD11c (clone N418), anti-CD19
(clone 1D3), anti-CD28 (clone 37.51), anti-CD39 (clone
24DMS1), anti-CD62L (clone MEL-14), and anti-NK1.1 (clone
PK136); PE-conjugated Annexin V, anti-CD8 (clone 53-6.7), anti-
CD69 (clone H1.2F3), anti-FasL (clone MFL3), anti-ICOS (clone
7E.17G9), anti-Ly6G (clone 1A8-Ly6g), anti-PD-1 (clone J43),
anti-PD-L1 (clone MIH5), and anti-IL-17RA (clone PAJ-17R);
FITC-conjugated anti-CD8 (clone 53-6.7), anti-CD25 (clone
7D4), anti-CD27 (clone LG.7F9), anti-CD40 (clone HM40-3),
anti-FoxP3 (clone FJK-16S), and anti-Ly6G (clone 1A8); EF650-
conjugated anti-CD11b (clone M1/70); BUV395-conjugated anti-
CD45 (clone OX-1); and biotin-conjugated anti-CD49b (clone
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DX5), anti-Fas (clone 15A7), anti-ICOSL (clone HK5.3), and anti-
PD-L1 (clone MIH5). All mAbs were purchased from either BD
Biosciences, Biolegend, or eBioscience (ThermoFisher).
Streptavidin-PE-conjugated H-2K°/SIINFEKL Dextramer was
purchased from Immudex. Streptavidin-PE-conjugated H-2D"
/E749.5;, tetramers were purchased from MBL International
Corporation.

FoxP3" and Ki67" cells were detected by intracellular staining
with FITC-conjugated anti-FoxP3 and APC-conjugated anti-Ki67
mAbs, respectively, after treatment with Cytofix/Cytoperm, fol-
lowing the manufacturer’s protocol (eBioscience, ThermoFisher).
Annexin V' 7AAD™ and Annexin V* 7AAD" apoptotic cells and
Annexin V™ 7AAD" necrotic cells were detected by staining with
PE-conjugated Annexin V and PerCP-conjugated 7AAD follow-
ing the manufacturer’s protocol (BD Pharmingen). The cells were
acquired using a LSR Fortessa (BD Biosciences) and analyzed
using Flow]Jo software (Tree Star, Ashland, OR).

Statistical analysis

Student’s t-test, the Mann-Whitney test, and Kaplan-Meier survi-
val analyses were performed to calculate the statistical significance
of differences between groups using Prism software (GraphPad
Software, Inc.). P values < .05 were considered statistically
significant.

Results

The curdlan and DMT adjuvants are less efficient than
CpG in delaying the growth of B16-OVA expressing
melanoma

We assessed the role of IL-17 in the activation of therapeutic anti-
cancer immune responses by comparing the protection achieved
against the growth of B16-OVA tumor cells by immunization of
mice with OVA and CpG-B complexed with DOTAP, a Thl
adjuvant, or DMT or curdlan, two adjuvants that elicit mixed
Th1/Th17 responses. DMT is composed of dimethyl dioctadecyl
ammonium bromide (DDA), monophosphoryl lipid A (MPL),
and synthetic trehalose dicorynomycolate (TDM). The Thl/
Th17 adjuvanticity of DMT?* is controlled by the macrophage-
inducible Ca2"-dependent lectin receptor (Mincle), whereas cur-
dlan is a selective Dectin-1 agonist.*®

We first compared the immune responses of mice immu-
nized with OVA alone or with CpG-B, curdlan, or DMT as
adjuvant. As expected, spleen cells from mice immunized with
OVA and CpG-B produced only IFN-y after in vitro stimula-
tion with OVA, whereas the splenocytes of mice that received
OVA with either DMT or curdlan produced both IFN-y and
IL-17A (Figure S1A). Both IL-1p and IL-6 were produced by
mice injected with CpG-B, curdlan, or DMT, whereas the
production of IFN-a was triggered by both DMT and CpG-
B but not curdlan. In contrast, only CpG-B induced the
production of IL-12p40 (Figure S1B).

We determined whether the production of IL-17 can influ-
ence the induction of therapeutic immune responses by graft-
ing C57BL/6 mice with B16-OVA tumor cells, followed by
immunization 5, 13, and 21 days later with OVA alone or
OVA with DMT, curdlan, or CpG-B and monitoring of tumor
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progression (Figure la-c). Immunization with OVA and
CpG-B resulted in strong protection against tumor growth,
with 46% of the treated mice rejecting the tumor. In contrast,
only a low level (21-25%) of protection was obtained in mice
immunized with OVA and DMT or curdlan and no protec-
tion following administration of OVA or adjuvant alone.

We determined whether type I and II interferons were
involved in the control of tumor growth induced by immuniza-
tion with OVA and the adjuvants by similarly treating IFN-y
(Figure 1d-e) or IFNAR (Figure 1f-g) deficient mice grafted with
B16-OVA tumor cells. Immunization with OVA and CpG or
DMT induced a lower level of protection in these mice than in
C57BL/6 mice. Thus, both IFN-y and type I IFN played a crucial
role in tumor protection, regardless of the adjuvant used.

We then analyzed whether Th17 responses could affect the
tumor protection induced by immunization with OVA/CpG-
B. Mice were grafted with B16-OVA tumor cells and then
received one or two injections of OVA/CpG-B, OVA/DMT or
a combination of the two (Figure lh-i). As expected, strong
protection against tumor growth was obtained in mice immu-
nized with one or two injections of OVA/CpG-B, whereas no
protection was obtained when DMT was used as adjuvant. In
addition, mice immunized with a combination of OVA/CpG-
B and OVA/DMT showed significantly less protection than
those immunized with OVA/CpG-B alone, suggesting that the
immune responses induced by DMT played a detrimental role
in the CpG-induced protective antitumor immunity.

The depletion of CD8" T cells in mice grafted with B16-
OVA tumor cells and then treated with OVA/CpG-B or
OVA/DMT fully abrogated the tumor protection induced by
immunization. In contrast, the depletion of CD4" T cells did
not significantly affect the therapeutic activity of the OVA/
CpG-B or OVA/DMT vaccine, although the percentage of
surviving mice increased (Figure S2). These results demon-
strate that the protection induced by OVA/CpG-B against
tumor growth was mediated by CD8" T cells, suggesting
that mixed Th1/Th17 promoting adjuvants could affect the
induction of tumor-specific CD8" T cells.

We confirmed these results using chitosan, a cationic poly-
saccharidic adjuvant, which induces Th1/Th17 responses.*”
Chitosan promoted the induction of OV A-specific Th1/Th17
responses when combined with CpG-B, as demonstrated by
the production of both IFN-y and IL-17A by OVA-stimulated
splenocytes (Figure S3A), confirming previous results.””
Simultaneous administration of chitosan with OVA/CpG-B
fully abolished the tumor protection induced by OVA/CpG-
B alone (Figure S3B-C). These results confirm that Thl17
responses strongly inhibited the tumor-specific therapeutic
response induced by the Thl adjuvant.

Overall, these results demonstrate that a Th17 environment
strongly affects the tumor protection mediated by CD8" T-cell
responses.

IL-17A strongly inhibits the therapeutic efficacy of
antitumoral vaccines

We determined whether IL-17 was involved in the decreased
inhibition of tumor growth when Th1/Th17 adjuvants were
used for immunization by grafting mice with B16-OV A tumor

cells following by immunization 5, 13 and, 21 days later with
OVA/CpG-B and treatment every three days with 1 ug recom-
binant IL-17A or PBS from day 5 to day 32. Although OVA/
CpG-B immunization strongly reduced tumor growth, as
expected, this therapeutic activity was markedly reduced in
mice treated with IL-17A (Figure 2a-b).

We confirmed these results in a second tumor model. C57BL/6
mice were grafted with TC-1 tumor cells derived from primary
lung epithelial cells, expressing the E6 and E7 oncoproteins of
HPV-16,"° and immunized with the CyaA-E7 vaccine, a detoxified
form of the adenylate cyclase of B. pertussis carrying a truncated
form of the E7 protein of HPV-16.> This vector was previously
demonstrated to induce strong specific CTL and Th1 responses.*
Indeed, a single immunization of TC-1-bearing mice with CyaA-
E7 and CpG-B at day 20 strongly reduced tumor growth, with 78%
of the mice rejecting the tumor (Figure 2c-d). Administration of
IL-17A to these mice greatly diminished the therapeutic efficacy of
the CyaA-E7 vaccine, thus confirming the detrimental effect of IL-
17A on the induction of protective antitumor immune responses.

We then analyzed the effect of IL-17A administration on
OVA/CpG-B induced antitumor immunity using IL-17A
receptor (IL-17RA) deficient mice. However, B16-OVA cells
grew faster in IL-17RA deficient mice than in wildtype mice,
confirming previous studies using IL-17A deficient mice,"
and no therapeutic effect was observed following OVA/
CpG-B immunization (Figure 2e-f).

IL-17A inhibits the activation of specific CD8"* T-cell
responses

We next grafted C57BL/6 mice with TC-1 tumor cells, fol-
lowed by immunization at day 20 with CyaA-E7 and treat-
ment or not with IL-17A, to decipher the mechanisms by
which IL-17A reduced the therapeutic activity of the CyaA-
E7 vaccine. At day 30, 91% of the mice immunized with
CyaA-E7/CpG-B had rejected their tumors, whereas only
61% of the mice that had received CyaA-E7/CpG-B and IL-
17A were able to control the growth of the TC-1 tumor cells
(Figure S4A). We then analyzed the leucocyte infiltration into
the spleen and tumors of mice that rejected their tumors (R:
regressor mice) and those that were unable to control tumor
progression (P: progressor mice) at day 31 (Figure S4B-C).
The number of CD8" T cells was significantly higher in the
tumors of mice immunized with CyaA-E7/CpG-B, whereas
the number of CD8" T cells was lower in progressor but not
regressor mice that received IL-17A (Figure S4B-C).

We then assessed the anti-E7 CD8" T-cell response in the
spleen and tumor by flow cytometry staining with the E7,9 5,
H-2D" tetramer. We observed a high number of CD8" T cells
in TC-1-bearing mice immunized with CyaA-E7, both in the
spleen and tumor (Figure S4D). In the tumor, almost all
CD8" T cells were specific for the E7,9.5; peptide. In mice
treated with IL-17A, these specific CD8" T-cell responses were
significantly lower in the spleens and tumors of progressor
mice, whereas regressor mice showed no significant
difference.

These results suggest that IL-17A reduced the efficacy of
CpG-adjuvanted OVA or CyaA-E7 vaccine by inhibiting the
activation of tumor-specific CD8" T cells. We then analyzed
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Figure 1. The curdlan and DMT adjuvants are less efficient than CpG in delaying the growth of B16-OVA-expressing melanoma. C57BL6/J (a-c), C57BL6/J and IFN-y”"
(d-e), and C57BL6/J and IFNAR” (f-g) mice were injected s.c. with 2.5.10° B16-OVA cells and subsequently injected s.c. with PBS, DMT, curdlan or CpG-B alone or with
100 ug OVA 5, 13, and 21 days later. (h-i) C57BL6/J mice were injected s.c. with 2.5.10° B16-OVA cells and subsequently injected s.c. one or two times (2x) with
100 pg OVA alone or with DMT or CpG-B 5, 13, and 21 days later. Control mice received only PBS. (a) Each curve represents the tumor diameter of an individual
mouse. The results represent the cumulative data of three independent experiments (n = 8 mice per group). (b, d, f, h) The results represent the percentage of
tumor-free mice 80 days after the injection of B16-OVA cells. The numbers of mice that rejected the tumor from the total number of mice are indicated for each
group. (¢, e, g, i) Kaplan-Meier plot of mouse survival. ns: not significant, *p < .05, ***p < .001, as determined by the logrank test. (i) The p value between OVA+CpG
(2x) and OVA+CpG//OVA+DMT = 0.0266 whereas the p value between OVA+CpG and OVA+CpG (2x) = 0.695. (b-i) The results represent the cumulative data of two

experiments.
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Figure 2. IL-17A decreases the therapeutic efficacy of CpG-adjuvanted OVA and CyaA-E7 vaccines. (a-b) C57BL6/J mice were injected s.c. with 2.5.10° B16-OVA cells
and subsequently injected s.c. with PBS or 100 ug OVA alone or with CpG-B 5, 13, and 21 days later. Mice received i.p. administration of PBS or 1 pg IL-17A five days
after grafting of the tumor cells and every three days thereafter until day 32. (c-d) C57BL6/J mice were injected s.c. with 5.10° TC-1 cells and injected i.v. with PBS or
50 pg CyaA-E7 and CpG-B 20 days later. Mice received i.p. administration of PBS or 1 pg IL-17A 20 days after grafting of the tumor cells and every three days
thereafter until day 42. (e-f) C57BL6/J and IL-17RA deficient mice were injected s.c. with 2.5.10° B16-OVA cells and subsequently injected s.c. with 100 pg OVA alone
or with DMT or CpG-B 5, 13, and 21 days later. Some OVA/CpG immunized mice also received i.p injections of either PBS or 1 pg of IL-17A five days after grafting of
the tumor cells and every three days thereafter until day 32. (a, ¢, e) Each curve represents the tumor diameter of an individual mouse. The results represent the
cumulative data from three independent experiments (n = 8 mice per group). The number and percentage of mice that rejected the tumor from the total number of
mice are indicated. (b, d, f) Kaplan-Meier plot of mouse survival. ns: not significant, *p < .05, **p < .01, ***p < .001, as determined by the logrank test.



the CD8" T-cell responses of C57BL/6 mice immunized with
OVA/CpG-B and treated daily either with PBS or 1 pg recom-
binant IL-17A for one week after immunization to confirm
this hypothesis.

IL-17A treated mice showed significantly less OV A-specific
in vivo killing and fewer IFN-y ELISPOT responses, as well as
a smaller number of OVA;s5; 64-specific T cells, than PBS-
treated mice (Figures 3a and 4a). The inhibitory effect of IL-
17A on the induction of CD8" T cells was dose dependent and
we detected a lower number of OVA-specific CD8" T cells
and IFN-y producing cells in the spleens of mice treated with
a higher dose (3 ug) of recombinant IL-17A (Figure 4a). In
addition, the inhibitory effect of IL-17A was dependent on its
interaction with the IL-17A receptor, as it did not occur in IL-
17RA deficient mice (Figure 3b).

The CTL response induced by the Thl adjuvanted-vaccine
was also dependent on both IFN-y and type I IFN signaling,
as CD8" T-cell responses induced by OVA/CpG-B were much
smaller in IFN-y and IFNAR deficient than wildtype mice
(Figure 3c-d). These results correlated with the absence of
tumor protection observed in these immunodeficient mice
following vaccination (Figure 1d-g).

Thus, overall, these results clearly demonstrate that IL-17A
strongly affects the therapeutic efficacy of antitumoral vac-
cines by inhibiting the activation of specific CD8" T-cell
responses.

IL-17A indirectly inhibits the induction of the CD8" T-cell
response

We next sought to decipher the mechanisms by which IL-17A
reduces the efficacy of the therapeutic activity of antitumoral
vaccines. We first determined whether this cytokine can
directly affect the growth of TC-1 and B16-OVA tumor
cells. Although these tumor cells express the IL-17 receptor
A (Figure S5A), IL-17A did not modify their proliferation
(Figure S5B).

The IL-17 receptor is expressed by mouse B cells, T cells
(CD8" CD4" T cells and Treg cells), dendritic cells, and neu-
trophils (Figure S5C-D). We thus tested whether IL-17A can
directly activate CD4" or CD8" T cells. However, we did not
observe any modification of their calcium flux (Figure S6A) or
their expression of activation markers (Figure S6B) following
in vitro incubation of these cells with various concentrations of
IL-17A. In contrast, IL-17A significantly inhibited the prolifera-
tion of both CD4" and CD8" T cells from C57BL/6 mice
following in vitro polyclonal activation by anti-CD3 antibodies,
without affecting the responses of IL-17RA deficient T cells
(Figure S6C). This inhibition correlated with the induction of
T-cell apoptosis by IL-17A and T cells from C57BL/6 mice also
showed significantly greater cell death than those from IL-17RA
deficient mice following anti-CD3 stimulation (Figure S6D-E).

These results suggest that IL-17A may directly affect activa-
tion of the CD8" T-cell response by inhibiting T-cell prolifera-
tion and inducing T-cell death. Thus, to determine if IL-17A
directly affect the activation of CD8" T cell responses, we
transferred OV A-specific transgenic OT-I T cells, which express
the IL-17 receptor, to either C57BL/6 or IL-17RA deficient

ONCOIMMUNOLOGY €1758606-7

mice, which were then immunized with OVA/CpG-B and trea-
ted daily with PBS or 3 pg recombinant IL-17A for one week.
The OVA-specific T-cell response was greatly reduced
when OT-I cells were transferred to C57BL/6 mice treated
with IL-17A (Figure 4b), as expected. In contrast, there was
no significant difference after the transfer of OT-I cells to IL-
17RA deficient mice, showing that the observed reduction of
the CD8" T-cell response was not due to a direct effect of IL-
17A on OVA-specific CD8" OT-I T cells but required the
expression of the IL-17 receptor by the recipient mice.

IL-17A induces the recruitment of neutrophils to the
spleen

We next analyzed the effect of daily injections of IL-17A on
hematopoietic cells in the spleen, bone marrow, and thymus of
C57BL/6 mice versus those of IL-17RA deficient mice to identify
the cell population(s) required for the suppressive effect of this
cytokine. The spleens of IL-17A treated mice showed
a significantly higher number of cells, in parallel with a lower
number of bone marrow cells (Figure 5a). These effects required
IL-17 signaling, as they were not observed in IL-17RA deficient
mice. Despite this increase in cell number, the distribution of
B and T lymphocytes and dendritic cells was not affected in the
spleens of IL-17A treated mice (Figure 5b-c).

We then studied the recruitment of myeloid cells to the
spleens of mice treated with either 1 or 3 g injections of IL-
17A. We analyzed CD11b" cells, including macrophages, con-
ventional DCs, and neutrophils, for their expression of Ly6C
and Ly6G at various times after treatment (Figure S7A). The
percentage of neutrophils greatly increased in the spleens of
treated mice three and six hours after IL-17A administration,
whereas the other CD11b" populations were not significantly
affected, with the exception of the CD11b* Ly6C"&" subset
(monocytes 1), which showed a transient increase three hours
after IL-17A injection (Figure 5d and Figure S7B). The
spleens of mice treated for one week with 3 pg IL-17A also
showed an increase in the number of neutrophils (Figure 5e).
Such neutrophil recruitment was dependent on IL-17A sig-
naling, as it did not occur in IL-17RA deficient mice.

The suppressive effect of IL-17A on the induction of the
CD8" T-cell response is mediated by neutrophils

We treated mice immunized with OVA/CpG-B with anti-
Ly6G antibodies to determine whether neutrophils were
involved in the inhibition of the CD8" T-cell response by
IL-17A (Figure 6a). Such treatment fully depleted the neutro-
phil population but also affected the distribution of several
CD11b" cell subsets, such as Ly6C™ and Ly6C* Ly6G" cells,
which were much more abundant in mice receiving anti-Ly6G
antibodies (Figure S8).

The treatment of mice immunized with OVA/CpG-B by
anti-Ly6G antibodies also induced an increase in the total
number of splenocytes, including CD4* and CD8" T cells,
which was not observed in mice treated with IL-17A.
However, such treatment did not modify the percentage of
CD3* T cells or the CD4*/CD8" T-cell ratio among total
splenic cells (Figure S9).
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Figure 3. IL-17A inhibits the induction of CTL responses by OVA/CpG. C57BL6/J (a) and IL-17RA deficient (b) mice were immunized s.c. with PBS or 100 pg OVA and
CpG-B. They also received i.p. injections of PBS or 1 ug IL-17A one day before immunization and then every day for one week. (c-d) C57BL6/J (WT) and IFN-y”" (c) or
IFNAR™" mice (d) were immunized s.c. with PBS or 100 ug OVA and CpG-B. (a-d) Seven days after immunization, the anti-OVA CD8" T cell response was assessed by
an in vivo killing assay (IVK), IFN-y ELISPOT (IFN-y) and SIINFEKL/H-2K® dextramer staining (MHC Dextramer). The results are expressed as the percentage of OVA-
specific lysis for CTL activity; IFN-y spot-forming cells (SFC) per 10° splenocytes for ELISPOT and the percentage of SIINFEKL/H-2K® dextramer* among total CD8*
splenocytes for dextramer staining. The results represent the cumulative data from two to six independent experiments and each dot represents an individual mouse.
The mean + SEM is shown for each group. ns: non-significant, *p < .05, **p < .01, ***p < .001, ****p < .0001, as determined by the unpaired Student’s t-test.
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Figure 4. Absence of a direct effect of IL-17A on the CD8" T-cell responses induced by OVA/CpG. (a) C57BL6/J mice were immunized i.v. with PBS or 100 ug OVA and
CpG-B. They received i.p. injections of PBS or IL-17A (1 ug or 3 pg) one day before immunization and then every day for one week. Seven days after immunization,
the anti-OVA CD8" T-cell response was assessed by SIINFEKL/H-2K® dextramer staining (MHC Dextramer) and IFN-y ELISPOT (IFN-y). The results are expressed as the
percentage of SIINFEKL/H-2K® dextramer® among total CD8" splenocytes for dextramer staining and IFN-y spot-forming cells (SFC) per 10° splenocytes for ELISPOT.
(b) C57BL6/J and IL-17RA deficient recipient mice were injected with CFSE-labeled (10 pM) OT-1 cells (5.10°) isolated from the spleens of OT-1 Rag1KO transgenic
mice (95% purity). Twenty-four hours later, recipient mice received a single i.v. injection of PBS or OVA and CpG-B. They received i.p. injections of PBS or IL-17A (3 ug)
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an individual mouse. The mean + SEM is shown for each group. ns: non-significant, *p < .05, **p < .01, as determined by the unpaired Student’s t-test.

Finally, we analyzed the effect of neutrophil depletion on
the CTL responses of mice immunized with OVA/CpG-B. As
previously observed, treatment with anti-Ly6G antibodies
fully depleted the neutrophil population in mice immunized
or not with OVA/CpG-B and treated with either PBS or IL-
17A (Figure 6a).

The depletion of neutrophils from mice immunized with
OVA/CpG-B and treated only with PBS induced a significant
decrease in CTL activity, measured by in vivo killing, and the
number of OVA-specific CD8" T cells, analyzed either by
dextramer or ELISPOT (Figure 6b-d). In contrast, OVA-
specific CD8" T-cell responses were much higher following
the depletion of neutrophils from mice immunized with
OVA/CpG-B and treated with 1 ug IL-17A. We obtained
similar results in mice treated with 3 pg IL-17A and anti-
Ly6G antibodies (Figure S10). In the absence of neutrophils,
the OVA-specific CD8" T-cell responses induced in mice
immunized with OVA/CpG-B and treated with IL-17A were
even higher than the responses obtained following vaccination
by OVA/CpG-B alone.

Opverall, these results reveal the crucial role played by IL-17A
and neutrophils in the induction of antitumor immune responses.

Discussion

Here, we show that immunization with Th17-promoting adju-
vants, such as DMT or curdlan, fail to induce the rejection of

tumors, in contrast to a Thl-promoting adjuvant. In addition,
the systemic administration of recombinant IL-17A strongly
inhibited the therapeutic effect of CpG-adjuvanted vaccines,
as well as the induction of antigen-specific CD8" T-cell
responses. This suppressive effect of IL-17A was abolished in
mice depleted of neutrophils, clearly demonstrating the role of
these cells in the inhibition of antitumor immune responses
by IL-17A.

OVA adjuvanted with the bacterial cell-wall components
TDM and curdlan promoted mixed Th1/Th17 responses but
failed to reproduce the therapeutic potency of a Thl-
promoting CpG/DOTAP adjuvanted vaccine. The therapeutic
activity of the OVA/CpG-B vaccination was mediated by
CD8" T cells and strongly dependent upon both type I IFN
and IFN-y. Both DMT and curdlan induced high levels of
IFN-y, comparable to that produced after immunization with
CpG, confirming previous studies,”>**> and DMT also induced
the production of type I IEN. Thus, the lack of therapeutic
activity of Th17-promoting adjuvants was probably not due to
the lack of production of these cytokines. In addition, our
observation of significantly less protection of mice immunized
with a combination of OVA/CpG-B and OVA/DMT than
those immunized with OVA/CpG-B alone strongly suggests
that the immune responses induced by Th17-promoting adju-
vants inhibited Thl-induced protective antitumor immunity.

We confirmed this hypothesis by demonstrating that the
chronic administration of IL-17A strongly inhibits the
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Figure 5. Systemic administration of IL-17A leads to the recruitment of neutrophils. C57BL/6J and IL-17RA deficient mice were i.p. injected daily with either PBS or
1 ug IL-17A for one week and cell populations characterized by flow cytometry at day 7. (a) Number of total live CD45" hematopoietic cells in the spleen, bone
marrow, and thymus. (b) Percentage of CD19* B220" B cells, CD3* T cells, and CD11c* ¢DCs in the spleens of C57BL/6J and IL-17RA deficient mice. (c) Percentage of
CD4* and CD8" T cells among total CD3™ T cells (right panel) and of FoxP3* (Treg) and FoxP3™ (Teff) among CD4* T cells (left panel) in the spleens of C57BL/6J and
IL-17RA deficient mice. Results are expressed as the mean + SEM (n = 3 mice per group) and represent the cumulative results of three independent experiments. (d)
C57BL/6J mice were injected i.p. with 1 or 3 pg IL-17A or PBS. The percentage of neutrophils among total live CD45" cells in the spleens of the mice was determined
by flow cytometry 3, 6, or 24 h later, according to their expression of Ly6C and Ly6G (Ly6C*, Ly6G") as gated in Supplementary Figure S7A. (e) Total number of
neutrophils (Ly6C* Ly6G" cells) in the spleens of C57BL/6J and IL-17RA deficient mice injected i.p. with 1 or 3 pg IL-17A or PBS for seven days. Results are expressed
as the mean + SEM (n = 3 mice per group) and are representative of two independent experiments. ns: non-significant, *p < .05, **p < .01, ***p < .001,

***¥*¥p < .0001, as determined by the unpaired Student’s t-test.

therapeutic effect of CpG-adjuvanted vaccines in two different
tumor models. The inhibitory effect of IL-17A was dependent
upon IL-17A receptor signaling, as it did not occur in IL-
17RA deficient mice. These results are in direct contrast to

previous studies supporting a protective role for IL-17 in anti-
tumor host defenses. However, we also showed that B16-OVA
grows faster in IL-17RA receptor deficient than in wildtype
mice, supporting the promotion of tumor immunity by IL-17.
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Figure 6. The suppressive effect of IL-17 on CD8" T-cell responses is mediated by neutrophils. C57BL6/J mice were immunized s.c. with PBS or 100 pg OVA and CpG-
B at day 0. Mice were treated with anti-Ly6G mAbs or control isotype one day before immunization and every two days for one week. They also received PBS or 1 ug
IL-17A by the i.p. route one day before immunization and every day for one week. Seven days later, the percentage of splenic CD11b* CD11¢” Ly6C* Ly6 G*
neutrophils among total CD45" live cells was determined by flow cytometry (a) and the anti-OVA CD8* T-cell response assessed by an in vivo killing assay (b),
SIINFEKL/H-2K® dextramer staining (c), and IFN-y ELISPOT (d). The results are expressed as the percentage of OVA-specific lysis for CTL activity, IFN-y spot-forming
cells (SFC) per 10° splenocytes for ELISPOT, and the percentage of SINFEKL/H-2K" dextramer™ among total CD8" splenocytes for dextramer staining. The data
represent the cumulative results of two independent experiments and each dot represents an individual mouse. The mean + SEM is shown for each group. Results
are expressed as the mean + SEM and represent the cumulative data of two independent experiments. ns: non-significant, *p < .05, **p < .01, ***p < .001,

****p < .0001, as determined by the unpaired Student’s t-test.

These results are in accordance with previous studies showing
that IL-17 deficient mice are more susceptible to the growth
of the poorly immunogenic B16-F10 melanoma'® or MC38
murine colon adenocarcinoma.'® Here, we also showed the
absence of a therapeutic effect of OVA/CpG-B in IL-17RA
receptor deficient mice, despite the fact that these mice devel-
oped CTL responses similar to those of wildtype mice after
OVA/CpG-B immunization. IL-17 deficient mice did not
present major differences in their distribution of splenic
B or T lymphocytes, although we observed significantly
lower numbers of cells in the spleen, bone marrow, and
thymus than those of control mice. Thus, our results support
the conclusion that a constitutive deficiency in IL-17 signaling
may indeed promote the tumor growth by a mechanism
which is yet to be elucidated and may be independent of the
induction of innate or adaptive immune responses. However,
better control of tumor growth was observed in an IL-17A
deficient mice in a murine model of hepatocellular
carcinoma,”® supporting the conclusion that the IL-17 pro
or antitumor effect is related to cancer type.’’

The present study clearly establishes the detrimental role of
IL-17 in the induction of adaptive antitumor immunity in
wildtype mice. Indeed, the administration of IL-17A strongly

inhibited the induction of CD8"-specific CTL responses. In
contrast to our results, the transfer of Th17 cells have been
claimed to promote the activation of anti-tumor cytotoxic
T cells' and reduce tumor growth in several prevention and
therapeutic models. However, in the aforementioned study,
Th17 cells were obtained by in vitro polarization of CD4"
T cells from OT-II transgenic mice. Although the study con-
cluded that transferred Th17 cells maintained their Th17
phenotype and did not convert to Thl cells, this hypothesis
cannot be totally excluded. Indeed, in vitro polarization of
transgenic T cells specific for the tyrosinase-related protein
(TRP) showed TRP-specific Th17 cells to eradicate established
melanoma more efficiently than Thl cells.?’ However, tumor
rejection induced by such Th17 cells was completely inhibited
by anti-IFN-y antibodies, but not neutralizing antibodies
against IL-17A or IL-13, suggesting that tumor rejection was
mediated by Thl7 cells that converted to Thl cells.
Conversion of in vitro polarized Th17 cells into IFN-y produ-
cing Thl cells has indeed been shown in NOD SCID mice.”
Human Th17 cells specific for a tumor antigen have also been
shown to progressively convert to IFN-y-secreting cells as
they differentiate into effector T cells in vivo.>? In addition,
Th17 cells can also transdifferentiate into regulatory T cells,
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contributing to the resolution of inflammation, showing their
instability and plasticity.**

Our study shows that IL-17A can significantly inhibit the
proliferation of T cells in vitro following anti-CD3 stimula-
tion, in correlation with its capacity to induce T-cell apopto-
sis. However, the inhibitory effect of IL-17 was not due to
a direct effect on T cells, but mainly mediated by the recruit-
ment of neutrophils. Indeed, we observed no suppression of
CTL induction when OT-I T cells were transferred to IL-
17RA deficient mice, in contrast to the inhibition observed
after transfer to wildtype mice.

We demonstrated the involvement of neutrophils in the
capacity of IL-17A to inhibit the activation of CD8" T-cell
responses by the depletion of neutrophils following treatment
with the 1A8 anti-Ly6G specific monoclonal antibodies, which
have been shown to deplete neutrophils but preserve Gr-
1-expressing blood monocytes.”® The depletion of neutrophils
from mice immunized with OVA/CpG-B significantly reduced
the OVA CD8" T-cell response, whereas after IL-17A treatment,
it strongly increased this response. This response was even
significantly higher than that obtained following vaccination
by OVA/CpG-B in the presence of neutrophils. These results
suggest that neutrophils recruited following IL-17A administra-
tion may exert a different effect than at steady state. Indeed, the
heterogeneity of neutrophils has been well documented in dis-
eases and cancer.”® The capacity of IL-17A to trigger granulo-
poiesis in mice, leading to neutrophil expansion and
recruitment, is also well established.’” In addition, IL-17 has
been shown to promote the accumulation of polymorphonuc-
lear myeloid-derived suppressor cells (PMN-MDSCs) in human
colorectal cancer.”® PMN-MDSCs are defined in mice as
CD11b"Ly6G*Ly6C" *° whereas we defined neutrophils as
CD11b'Ly6G Ly6C" in this study. Both populations share the
same origin and many phenotypic features.** Whether PMN-
MDSCs represent a subset of neutrophils or are a distinct gran-
ulocyte population is still a subject of debate. Our study suggests
that neutrophils recruited by the chronic administration of IL-
17A possess immunosuppressive properties, mimicking the
inhibitory activity of PMN-MDSCs. Such an interaction
between IL-17 produced by y§ T cells and neutrophils, leading
to the inhibition of cytotoxic T-cell responses, has been demon-
strated in mice bearing mammary tumors.*' In contrast, neu-
trophils could promote the induction of CD8" T-cell responses
in the absence of IL-17A treatment through their capacity to
present antigen.*”

In addition to the relevance of our study for the development
of cancer vaccines that promote efficient rejection of tumors,
our results may also explain the role of the microbiota in
immunotherapy. Indeed, the human microbiota has been
shown to affect the response to immunotherapy.* Many
human cancers are located in mucosal sites and mucosal
imprinting has been shown to be crucial for the capacity of
vaccine-induced CD8" T cells to inhibit the growth of such
tumors.** In addition, it is well established that the composition
of the gut microbiota affects the composition of T-cell subsets in
the gut. In particular, segmented filamentous bacteria (SFB) are
sufficient to induce the differentiation of Th17 cells, which
subsequently produce IL-17 and IL-22.* SFB antigens pre-
sented by intestinal dendritic cells drive the differentiation of

mucosal Th17 cells.*® In addition, Th17 cells do not represent
the only source of IL-17. y§ T cells and a variety of immune
cells, including invariant NK cells and innate ILC3 cells, also
produce IL-17.* Thus, the gut microbiota could favor the
induction of Th17 cells against tumor antigens or the produc-
tion of IL-17, leading to the inhibition of CD8" T-cell responses.
Our results therefore suggest that the microbiota could strongly
limit the development of CTL responses through the stimula-
tion of IL-17, thus interfering with the efficacy of immunother-
apy. However, SFB induces the recruitment of neutrophils
through the stimulation of IL-17A production, which in turn
limits the expansion of SFB. Indeed, neutrophil depletion in
mice results in significantly augmented SFB levels and Th17
responses.*® Thus, the administration of monoclonal antibodies
against either IL-17A or its receptor could represent a potential
strategy to enhance the efficacy of immunotherapy. Indeed,
local targeting of IL-17A in experimental lung adenocarcinoma
has been shown to result in a reduction of tumor load.*’
Importantly, IL-17A has been shown to promote PDL1 expres-
sion in human and mouse tumors’ and the treatment of mice
with combined anti-IL-17A and anti-PDL1 antibodies induced
significant antitumor effects in a murine model of breast cancer.
Several monoclonal antibodies targeting the IL-17/IL17RA axis
have successfully passed phase III clinical trials and have been
approved for the treatment of psoriasis. Such monoclonal anti-
bodies could represent important tools for combined immu-
notherapy with immune checkpoint inhibitors to improve
antitumor immunity.
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